Background: The coelomic fluid of echinoderms bathes all the internal organs and is a natural reservoir of various bio-active compounds. However, coelomic fluid from Indian sea-star Astropecten indicus is not well characterized for its biochemical and pharmacological profiles. Sea-star (or starfish) Astropecten indicus was collected from the coast of Goa, India during low tides. Sea-star coelomic fluid (SCF) extracted from the sea-stars was concentrated, filtered, and assayed for various hemotoxic activities such as fibrinogenolysis, fibrinolysis, hemolysis, and effects on platelet aggregation. Results: Studies on effects of SCF on A-549 human lung cancer cell line showed its non-cytotoxic and wound healing abilities in vitro. SCF was found to possess fibrinogen and fibrin digesting ability at a dose of 4 μg/ml within 30 min of incubation with the substrate. Additionally, SCF could hemolyze goat RBC by 50% and human RBC by only 5%. SDS-PAGE analysis showed that SCF contains various proteins and peptides. Two protein components of SCF yielded strong fibrinolytic, fibrinogenolytic, caseinolytic, and gelatinase activities as revealed by zymography. SCF enhanced the aggregation of ADP and collagen-activated platelets in a dose-dependent manner and had a specific proteolytic activity of 2.5 μg/ml in 30 min at 37°C as assayed using azocasein as substrate. Conclusion: This study focuses on the anticoagulant, pro-platelet aggregation and cell proliferative potential of SCF in vitro and is the first report on hemotoxic and wound healing potential of coelomic fluid of Astropecten indicus.
Background
More than 70% of the surface of the earth is covered with water and has an immense biomass (Montaser & Luesch, 2011; Newman & Cragg, 2014) . It is well known that the marine environment, despite having an infinite scope for exploration, has been one of the most underutilized biological resources. It contains a vast array of organisms with unique biological properties which could provide a vast resource to combat major diseases (Cardoso, Costa, & Mano, 2016; Vinothkumar & Parameswaran, 2013) .
Terrestrial animals, however, have been exploited for many decades as medicinal resources for the treatment and relief of a myriad of illnesses and diseases in practically every human culture (Costa-Neto, 2005; Montaser & Luesch, 2011) . Marine natural products are now the focus of scientific investigation to discover novel natural products which could be used as medicines (Bordbar, Anwar, & Saari, 2011) .
Members of the class Echinodermata such as the seastars (or starfish) have become virtually a symbol of sea life. They were used in ancient oriental medicine as a source of bioactive compounds and are now used for extraction and purification of cytotoxic, hemolytic, antiviral, antifungal, antifouling, antimicrobial, and even anti-tumoral compounds (Bordbar et al., 2011; Cardoso et al., 2016; Lee, Hsieh, Hsieh, & Hwang, 2014; Sharmin, 2017; Thao, Luyen, Kim, Kang, Kim, et al., 2014) .
Biochemical and pharmacological profiles of sea-star coelomic fluid (SCF) from Astropecten sp. are not well studied in India and very little effort has been made till now to discover potential drugs from sea-stars (Prabhu, 2013; Dong, 2011) .
Anticoagulants and platelet aggregation inhibitors are in high demand due to their ever increasing demand as therapeutic molecules against thrombosis, which is one of the major killer diseases of modern times (Engelmann & Massberg, 2012; Key et al., 2016; Lau, 2003) . In a similar manner, platelet aggregation promoters are also being explored for wound healing and cell proliferation abilities.
In this study, the hemotoxic potential of Astropecten indicus was studied along with its potential to promote cellular proliferation, platelet aggregation, and wound healing in vitro.
Methods

Reagents and chemicals
All chemicals used in this study were of analytical grade and purchased from Sigma Aldrich, USA. Protein molecular weight markers were purchased from GeneI, Bangalore, India. Reagents for platelet aggregation studies were purchased from Wheecon Instruments Pvt. Ltd. Reagents for cell culture were purchased from Hi-Media and Sigma Aldrich, USA. Plastic wares were purchased from Tarsons and Corning, USA.
Instruments
Whole blood platelet aggregometer was purchased from Wheecon Instruments Pvt. Ltd., India. ELISA plate reader for 96-well plates was purchased from Thermo Scientific, India.
Specimen collection
Live sea-stars of Astropecten indicus species (Fig. 1) were collected from the sea shore of south-Goa, India, during low tides in the months of October and November, when they are abundantly available. The sea-stars were kept aerated in containers of sea water and transported to the laboratory where coelomic fluid was extracted from them.
Preparation of sea-star coelomic fluid (SCF)
Coelomic fluid was extracted from each sea-star through its aboral pore by syringe aspiration without sacrificing the animals. Care was taken to not extract more than 0. 5 ml of coelomic fluid from each sea-star so that they are not sacrificed or stressed. The sea-stars were released back into the sea after extraction of SCF. No animals were sacrificed for this study.
The extracted coelomic fluid was pooled and centrifuged at 10,000 rpm for 15 min at 4°C to remove the cell debris which settled down as pellet. The supernatant was concentrated by ultra-filtration using a millipore membrane of molecular weight cut-off of 10 kDa. The retentive supernatant obtained after ultra-filtration is referred to as sea-star coelomic fluid (SCF) which was used for further studies.
Protein estimation
Protein content in SCF was estimated using Bradford protein assay (Bradford, 1976) . The protein profile of SCF was studied by running SCF in a 12% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) followed by silver staining (Fig. 2) .
Assay of fibrin(ogen)olytic activity
Human fibrinogen was suspended in potassium phosphate buffer (KPB) pH 7.4, and different doses of SCF were incubated with 2 mg/ml of it for 5 h at 37°C. Fibrinogenolytic activity was assessed by running the pre-incubated samples on a 12% SDS-PAGE. Fibrinogenolytic activity was confirmed by disappearance of one or more chains of fibrinogen observed by coomassie staining of the gel followed by destaining. Fibrinogen (30 μg) yielded three protein bands viz. Aα, Bβ, and γ when run on a 12% SDS-PAGE. SCF upon incubation with fibrinogen led to the sequential degradation of Aα, Bβ, and γ bands in a dose-and time-dependent manner (Figs. 3 and 4) , (Chanda, Sarkar, & Chakrabarty, 2016) .
Zymogram assay for proteolytic activity
Zymogram protease assay was performed to estimate different kinds of protease activities (fibrinolytic, fibrinogenolytic, and caseinolytic as seen in Fig. 5a -c, respectively) of the protein components of SCF. The protein substrate (10 mg) was co-polymerized with acrylamide during preparation of the polyacrylamide gel, followed by electrophoresis of SCF (4 μg/ml) on the same gel using native page running conditions. The gel was washed with Triton-X (two times) to remove the SDS and followed by incubation in an incubation buffer of Tris-Cacl 2 of pH 7.4 at 37°C for varied time periods.
Protease activity of SCF was observed by staining the gel with 1.25% coomassie followed by destaining with 10% acetic acid and 10% methanol in milliQ water. The entire gel was stained with coomassie due to presence of protein substrate embedded in it. Protease activity of the active proteins present in SCF was observed as regions of destained areas on the gel due to digestion of protease substrate by them (Leber & Balkwill, 1997; Masure, Proost, Van Damme, & Opdenakker, 1991) .
Estimation of proteolytic activity using Azocasein
Non-specific proteolytic activity of SCF was estimated by using azocasein as substrate. Briefly, 125 μl of suitable dilutions of SCF were incubated with 125 μl of 0.25% (w/v) azocasein and incubated for 30 min at 37°C. The reaction was terminated by adding 500 μl of 10% trichloroacetic acid to the reaction mixture and vortexed. This was followed by centrifugation at 4000 rpm at 4°C for 15 min. Five hundred microliters of the supernatant was neutralized by adding 500 μl of 1.8 N NaOH and absorbance was measured at 440 nm using a spectrophotometer. One unit of enzyme activity was defined as the amount of protease which yielded an increase in absorbance of 0.01 in 30 min at 37°C (Secades & Guijarro, 1999) .
Estimation of hemolytic activity
Hemolytic activity was assayed by incubating varying doses of SCF with 1% human or goat erythrocyte suspension in 0.85% saline at 37°C for 1 h. Hemolysis was estimated by measuring absorbance at 540 nm and comparing it with positive control (1% SDS) which showed 100% lysis; 0.85% saline served as negative control (Chakrabarty, Datta, Gomes, & Bhattacharyya, 2000) .
Effects of SCF on platelet aggregation
SCF was studied for its effects on ADP-and collagen-induced platelet aggregation using Chronolog whole blood platelet aggregometer. Human blood (9 ml) was freshly collected from "O" positive, healthy volunteers with prior and informed consent, in 3.8% sodium citrate (1 ml) under expert medical supervision. All studies were carried out using the whole blood platelet aggregometer. Blood was incubated with 0.85% saline (1:1 dilution) in a cuvette for 5 min at 37°C. Platelet aggregation agonists ADP (10 μM) or collagen (2 μg/ml) added to the above mixture served as positive controls. As a platelet agonist is added to the mixture, platelets aggregate as a monolayer on the electrical probes immersed in the cuvettes. Accumulation of platelets offers a resistance (or impedance) to the electrical circuit which is 
Wound healing effects of SCF on A-549 cells
A-549 cells were cultured in vitro in T-25 flasks as described in Section "Effects of SCF on A-549 cell line". Cells were seeded at 70% confluence in six-well plates at a seeding density of 30,000 cells/ml and were left overnight in sterile humified conditions. Upon 60% cell confluency, the spent media was discarded from the wells followed by washing with phosphate buffer saline (PBS) to remove unattached cells. A longitudinal scratch was made in each well using a sterile 200-μl pipette tip. The cells were again washed with PBS and 2 ml of DMEM supplemented with 10% FBS, and 0.01% antibiotic solution was added to each well of the culture plate. SCF at different doses was added to the well such that the final volume in each well was 2 ml. Images were taken for each well at time intervals of 24 h till 72 h to observe effect of SCF on the wounds. Area of the wound was calculated using ImageJ software, and wound healing activity of SCF was expressed as the % wound healed at given time period using initial wound area (0th hour) as reference (Pathan et al., 2017) .
Results
Protein profile of SCF
Protein profile of SCF was studied by electrophoresis on a 12% SDS-PAGE followed by silver staining the gel. Many protein bands were observed in crude SCF as seen in Fig. 2 .
Fibrinogenolytic activity of SCF
Fibrinogenolytic activity of SCF was estimated by incubating different dosages with fibrinogen as substrate for varied time periods. It is noted that at low concentrations (4 μg/ml), SCF could digest only A-α chain of human fibrinogen. However, at concentrations of 10 μg/ml and higher, SCF could digest B-β and γ chains of fibrinogen as well. The fibrinogenolysis could be observed within 30 min of incubation with the substrate indicating its prompt activity at lower dosages (Figs. 3 and 4) .
Zymogram assays for protease activity
The substrates (fibrin, fibrinogen, and casein) were copolymerized separately with the polyacrylamide gel, followed by electrophoresis of SCF (4 μg/ml). The gel was cut in three parts and incubated for 1, 2, and 5 h in the incubation buffer at 37°C. Active proteolytic proteins showed clear digestion of the substrate within 1 h of incubation. SCF was confirmed to possess fibrinolytic, fibrinogenolytic, and caseinolytic activities (Fig. 5a-c , respectively). Proteolytically active proteins were majorly found around 66-and 45-kDa regions of the gel as evident from the figures.
Inhibition of fibrinogenolytic activity
SCF was treated with various inhibitors such as ethylenediaminetetraacetic acid (EDTA), phenylmethylsulfonyl fluoride (PMSF), and dithiothreitol (DTT) for 2 h at c Caseinolytic activity of SCF. a Fibrinolytic activity of SCF (4 μg/ ml) was assayed by copolymerizing fibrinogen and thrombin to yield fibrin in the acrylamide gel followed by incubation of the gel in incubation buffer for 1, 2, and 5 h incubation period at 37°C. Fibrinolytic activity was observed at all three incubation intervals, seen as digestion of the substrate. The figure shows fibrinolysis by SCF after 1 h of incubation. b SCF (4 μg/ml) digested fibrinogen copolymerized with the acrylamide gel within 1 h of incubation at 37°C. c SCF (4 μg/ml) digested casein present in the polyacrylamide gel seen as destained region of the zymogram gel. Activity was seen within 1 h of incubation at 37°C 37°C and then assayed for fibrinogenolytic activity using zymogram assay as well as by SDS-PAGE. EDTA was found to completely inhibit fibrinogenolytic activity by chelating the metal ions, indicating the fibrinogenolytically active protein components to be metalloproteinases (Fig. 6 ).
Proteolytic activity of SCF using azocasein as substrate
Specific activity of SCF using (azo)caseinolytic activity assay was estimated to be 2.5 μg/ml in 30 min at 37°C.
Hemolytic activity of SCF
Hemolytic activity of SCF was studied on human and goat RBC in a dose-dependent manner. SCF showed hemolytic activity below 5% on human RBCs at all dosages. A significant hemolytic activity of 50% in goat RBCs was observed at a dose of 20 μg/ml SCF (Fig. 7a, b) . Low hemolyzing effects of SCF on human RBCs make it a safe candidate for drug discovery and development.
Effect of SCF on ADP-and collagen-induced platelet aggregation
SCF was found to promote ADP-induced aggregation of platelets in a dose-dependent manner. SCF could not initiate the activation of platelets themselves. However, they could further aggregate the ADP-induced platelets in a dose-dependent manner. It is noted that SCF inhibited ADP-induced platelet aggregation at doses below 10 μg/ml and caused pro-aggregation at higher doses (Fig. 8) . A similar effect was seen in case of collageninduced platelet aggregation in which pro-aggregation of platelets was observed at SCF concentrations 2 μg/ml and higher (Fig. 9) .
Effects of SCF on morphology of A-549 cells in vitro
A-549 cells were seeded in vitro in six-well plates at a density of 30,000 cells/ml and were left overnight in 2 ml of DMEM supplemented with 10% FBS and antibiotic and antimycotic solution at 37°C in a humidified 5% CO 2 environment. Different dosages of SCF were added to each well, and subsequently, morphology of the cells was observed after every 24 h up to 72 h post treatment. There were no significant changes observed in morphology of the cells at less than 10 μg/ml dosage of SCF (Fig. 10) .
Effects of SCF on A-549 cells
Effects of SCF on viability and proliferation of A-549 cells was observed in a dose-dependent manner as well. Cell viability of SCF-treated cells was assayed MTT cytotoxicity assay and resazurin reduction assay. It was confirmed that SCF did not cause decrease in viability of the cells when they were exposed to SCF dosages below 10 μg/ml (Fig. 11a, b) . On the other hand, significant increase in cell proliferation was observed in treated cells as compared to untreated cells.
Resazurin reduction assay was used to estimate increase in metabolic activity of the cells post treatment with various dosages of SCF (Refer to Additional file 1: Figure S1 ). It was found that SCF-treated cells were more viable as compared to control (untreated cells). This was estimated by conversion of resazurin to resorufin by metabolically active cells and quantification of resorufin formation by measuring absorbance at 610 nm. Untreated cells were considered as 100% viable.
Wound healing ability of SCF
Wounds were created on A-549 cells in six-well plates in vitro. Abilities of different concentrations of SCF to heal the wounds were observed at every 24 h up to 72 h post treatment. Wounds were completely healed by SCF within 72 h of treatment as seen in Fig. 12 . Wound healing activity of SCF was quantified using ImageJ software. Results are expressed as percentage of wound healed (Fig. 12a, b) . It is noted that the wound area decreased significantly in cells treated with 2.5 and 5 μg/ml of SCF as compared to that in control (untreated cells). This indicated a significant wound healing activity of SCF in A-549 cells.
Discussion
Sea-stars have been studied extensively in the past few years due to their diverse bioactivities and secondary metabolites (Ferguson, 1964; Schillaci & Arizza, 2013) . Fig. 6 Inhibition of fibrinogenolytic activity of SCF using zymogram protease assay. Arrows in red indicate zones of digestion of fibrinogen as substrate. SCF (4 μg/ml) was treated with protease inhibitors PMSF, EDTA, and DTT for 2 h and fibrinogenolytic activity of treated SCF was estimated post incubation. PC is positive control (untreated SCF), NC is negative control (20 mM KPB). Fibrinogenolytic activity was inhibited upon incubation of SCF with EDTA Astropecten indicus have been reported for their antimicrobial potential (Chamundeeswari, 2012) . However, their hemotoxic and anticoagulant nature has not been reported so far. The coelomic fluid bathes all the internal organs of sea-stars and is a rich source of growth factors, hormones, proteins, and peptides involved in cell signaling. Coelomic fluid from sea-stars Astropecten indicus was studied for various hemotoxic activities in vitro. It lysed human fibrinogen (30 μg) at a concentration of 4 μg/ml within 30 min of incubation with the substrate. Other proteolytic activities of SCF such as fibrinolytic, fibrinogenolytic, and caseinolytic activities were also observed at this concentration (Fig. 5) . Significant fibrinogen digesting potential of SCF at such low concentration indicates the presence of potent anticoagulants which need to be further purified and characterized. EDTA inhibited fibrinogenolytic activity of SCF by chelating the metal ions, indicating the active protein components to be metalloproteinases (Fig. 6) . Specific protease activity of SCF using azocasein was estimated to be 2.5 μg/ml in 30 min at 37°C. Hemolytic activity of SCF on human RBCs was below 5% making it a safe Fig. 7 a Hemolytic activity of SCF on human RBCs. Hemolytic activity of various dosages of SCF were tested on human RBCs. PC = 1% SDS; NC = 0.85% saline. SCF showed negligible hemolysis of human erythrocytes in vitro (n = 3 replicates). b Hemolytic activity of SCF on goat RBCs. PC = 1% SDS; NC = 0.85% saline. Hemolytic activity of SCF on goat RBCs was much higher compared to human RBCs (n = 3 replicates) Fig. 8 Effect of SCF on ADP-induced platelet aggregation. Blood was treated with different dosages of SCF and platelet aggregation was induced by ADP and measured using whole blood platelet aggregometer. PC = Blood incubated with saline and ADP; NC = Blood incubated with saline only (no agonist added). SCF inhibited platelet aggregation till a dosage of 10 μg/ml and promoted aggregation at higher dosages in a dosedependent manner (n = 3 replicates) candidate for drug discovery. However, it showed significant hemolysis in goat RBCs. These results show the anticoagulant activity of SCF is most effective at a concentration of 4 μg/ml where it shows fibrinogenolytic as well as anti-platelet activity (for ADP-induced platelet aggregation). Platelet adhesion and aggregation are considered as the first physiological responses towards vascular injury which initiate thrombus formation and permit wound healing. Platelet aggregation is initiated post-vascular injury wherein the circulating platelets come in contact with collagen, fibronectin, vWF (von Willebrand factor) A1 domain, and the membrane glycoproteins GPIbα causing platelets to adhere to basement membrane and further initiating recruitment of more platelets to the site of injury to form a platelet plug. Fibrinogen binds to the integrin receptors on activated Fig. 9 Effect of SCF on collagen-induced platelet aggregation. Blood was treated with different dosages of SCF and platelet aggregation was induced by collagen. PC = Blood incubated with saline and collagen; NC = blood incubated with saline only (no agonist added). SCF promoted collagen-induced platelet aggregation in a dose-dependent manner starting from 2 μg/ml (n = 3 replicates) platelets, thereby acting as bridges between platelets to bring about platelet aggregation. Interestingly, SCF at concentrations above 10 μg/ml showed pro-aggregation of platelets with ADP as agonist, whereas proaggregation activity of SCF was observed above 2 μg/ml concentration in collagen-activated platelet (Figs. 8 and 9) . SCF is a mixture of several proteins and peptides. Probably, at higher concentrations of SCF, some minor protein components could be reaching a threshold concentration at which they are able to show platelet aggregation activity. This could explain both anti-platelet and pro-platelet aggregating activities of SCF at different dosages. Further purification of these active proteins/ peptides would be useful to decipher the exact mechanism of anticoagulant activity and effects on platelet aggregation.
SCF was found to have no cytotoxic effects on A-549 cells cultured in vitro. Time-dependent increase in cell viability was noted in A-549 cells post-treatment with SCF as confirmed by MTT assay and resazurin reduction assay (Fig. 11a, b and Additional file 1: Figure S1 ). Exposure of A-549 cells to SCF showed increase in their metabolic activity and conversion of resazurin to resorufin. Increased resorufin production in SCF-treated cells coincided with SCF-induced proliferative activity seen in A-549 cells (Riss, Moravec, Niles, Duellman, Benink, et al., 2016) . Complete healing of the wounds created on A-549 cells was observed at the same dose of SCF (Fig. 12) The actual process of wound healing post vascular injury is a systematic process that occurs in four phases: hemostasis, inflammation, proliferation, and maturation (Mercandetti, 2015; Simon, 2015) . Platelets play a major role in vasoconstriction and hemostasis which is the first phase of wound healing (Italiano, Richardson, PatelHett, Battinelli, Zaslavsky, et al., 2008) . On activation of platelets, many factors are released from dense granules of the aggregating platelets which influence cell migration and proliferation (Golebiewska & Poole, 2015; Nurden, Nurden, Sanchez, Andia, & Anitua, 2008) .
The two major pharmacological activities found in SCF namely pro-aggregation of platelets and proproliferation and wound healing abilities may be caused by a single factor present in SCF or there is also a possibility that these activities could be due to synergistic effect of several factors. It would be interesting to study the proteins present in SCF separately in different in vitro and in vivo systems.
Conclusions
We report for the first time, the anticoagulant, cell proliferative, and wound healing potentials of coelomic fluid of sea-stars Astropecten indicus in vitro. The active protein components of SCF are metalloproteinases and are fibrin(ogen)olytically potent at concentration of 4 μg/ml. Cell proliferative ability and wound healing potential of SCF is significant at a dose of 2.5 μg/ml. The anticoagulant and wound healing potential of SCF of Astropecten indicus at low concentrations makes it a potent bioactive compound of immense pharmacological importance. 
